Since the well known hypothesis proposed by Burn and Rand (1) in 1958 that tyra mine exerts its sympathomimetic action through release of catecholamine (CA) from its storage sites, there have been many studies on this using various tissues in vitro and in vivo (2) (3) (4) (5) (6) , and this hypothesis is now generally accepted . Kottegoda (7) found that nicotine first had a negative and then a positive inotropic action on isolated rabbit atrium. This positive inotropic action was not abolished by atropine and Burn and Rand (8) reported that it was also due to the liberation of CA from storage sites. Further, they found that the vasoconstrictor action of nicotine on rabbit ear vessels was also due to the liberation of noradrenaline , since the constrictor action was prevented by injection of reserpine in animals before the experiment , or by removal of the superior cervical ganglion 2 weeks previously (9) .
Moreover, it was shown that the content of adrenaline in the adrenal gland decreased following nicotine injection (10, 11) .
However, Kako et al . (12) reported that the CA content in dog heart was slightly increased by the application of nicotine , and Hansson et al. (13) recognized that the CA level in the brain, the heart and the spleen of mice and guinea pigs remained unaffected or possibly slightly elevated in the heart by the injection of nicotine . In addition, other workers (14) observed that nicotine caused an increase in the contractile amplitude of atropinized embryonic chick heart, although the heart was not yet innervated .
These facts suggested that the way in which tyramine and nicotine liberate CA from storage sites may differ .
In this work, the actions of nicotine and tyramine were compared using isolated atria from normal animals and those treated with reserpine .
METHODS

Experiments
were performed on atria from male guinea pigs weighing 250 to 300 g and male rabbits weighing 2.5 to 3.0 kg. Guinea pigs were killed by a blow on the neck and rabbits were decapitated . The thorax was rapidly opend and the heart was removed and placed in oxygenated Tyrode solution at room temperature.
Then the atrium was separated from the ventricle and placed in an organ bath containing 50 ml of Tyrode solution, pH 7.4, at 30°C, which was bubbled with a mixture of 95% 02 and 5% CO2. The amplitude of the atrial contraction was recorded on a smoked drum.
The inotropic response was recorded during a 3 minute period for tyramine and a 4 minute period for nicotine. The chronotropic response was measured by calculating the heart rate 1.5 minute after the application of tyramine and 1.0 minute after the application of nicotine and other drugs. Antagonistic drugs such as cocaine, procaine, tetracaine, hexamethonium and guanethidine, and atropine were applied 3 minutes before the addition of nicotine or tyramine. 
RESULTS
I. Actions of tyramine and nicotine on atria of normal animals Tyramine, at concentrations of 4 x l0-6 to 1.6 x l0_5 g/ml, induced an increase in both the heart rate and the contractile force of the atrium of guinea pigs and rabbits.
Nicotine showed ino and chronotropic effects at concentrations of 2 x 10-6 to 2 x 10-5 g/ml. Tachyphylaxis was evoked by the repeated application of nicotine within less than 5 minutes after the former dose had been washed off. Tyramine did not show this
effect. An exact repetition of the positive inotropic action of a first dose of nicotine could be obtained by a second dose 15 minutes after washing away the first dose. There fore, in the following experiments, the repeated application of nicotine was performed with an interval of 15 minutes after washing.
With higher doses of nicotine (e.g. 2 x l0-' g/ml) there was an immediate negative inotropic effect followed by a marked increase in amplitude ( Fig. 1 ). This negative inotropic action was abolished by pretreatment with 2 x l0-' g/ml of atropine.
II. Actions of tyramine and nicotine on atria from animals pretreated with reserpine
As shown in Fig. 2 , atria from guinea pigs pretreated with 2.5 mg/kg of reserpine were more sensitive than control atria to 4 x 10-'$ g/ml of noradrenaline and to the tran sient negative inotropic effect of nicotine which appeared immediately after its admi nistration.
However, contrary to the expectations, 2 x 10-6 g/ml of tyramine still had positive ino and chronotropic actions on 6 out of 12 of these atria , while the actions of 2 x 10-6 g/ml of nicotine still remained.
When these atria which still responded to tyramine had been immersed for 10 minutes in a high concentration of nicotine (4 x 10' g/ml)
without further washing the same dose of tyramine no longer had positive ino and chronotropic actions whereas the effect to noradrenaline did not change (Fig. 2) . Normal guinea pig atria did not show such an abolishment of tyramine effect after high dose of nicotine (Fig. 1 ). In these both cases, either from normal or from reserpinized animals, the response to tyramine could be reproduced after the usual washing treatment, but it was necessary to wash the atria much more to obtain a response to a second dose of nicotine equal to that obtained with the first dose ( Figs. 1 and 2 ). On pretreatment with a larger dose of reserpine (5 mg/kg), the inotropic action of tyramine on the isolated atrium was completely blocked, while that of nicotine remained though it was reduced. On the other hand, the chronotropic actions of both tyramine and nicotine were abolished ( Fig. 3 and Table 1 (Mean ± S.D.) 5.0 mg/kg of reserpine were injected ino animals 24 hours before isolation of atria.
Tyramine : 2 x 10-5 g/ml, Nicotine : 2 x 10-5 g/ml.
III. Effects of pretreatment with various drugs on the positive isotropic actions of nicotine and tyra mine in normal animals
As described above, 2 x 10-6 g/ml of nicotine evoked a strong positive inotropic response in atria isolated from normal guinea pigs and rabbits. However, when 2 x 10-6 g/ml of cocaine or 1 x 10-6 g/ml of tetracaine was preincubated with the atria, the action of nicotine was completely blocked (Fig. 4) . A single application of this dose of cocaine or tetracaine often had no effect.
The inotropic action of tyramine, described above, persisted but was partially block ed by cocaine or tetracaine. With those atria, 2 x 10-6 g/ml of procaine, which exhibited no action on isolated atria, blocked the action of nicotine completely, but not that of tyramine (Fig. 4) .
The same degree of complete blockade of the action of nicotine was also shown after administration of 1 x 10' g/ml of hexamethonium (Fig. 5 ). However it had no effect on the action of tyramine.
When normal guinea pig atria were pretreated with guanethidine, this drug had a positive inotropic action at a dose of 6 x 10-6 but not at a dose of 2 x 10-6 g/ml, and the action of nicotine but not that of tyramine was blocked partially (Fig. 6 ).
After pretreatment with 2 x 10-7 g/ml of atropine, the initial negative inotropic action of nicotine was blocked, but the positive responses to both nicotine and tyramine were not affected (Fig. 5) . Table 2 summarizes the effects of the drugs mentioned above which influenced the release or uptake of CA on the actions of nicotine and tyramine on atria of normal guinea pigs and rabbits and those treated with reserpine. Nicotine guinea pig 2x 10-5 Tyramine{guinea pig 1 x 10-5 rabbit 2 x 10~ rabbit 2 x 10 (g/ml)
DISCUSSION
The positive inotropic action of tyramine on atria isolated from guinea pigs and rabbits develops gradually after its administration, in this tyramine is unlike norad renaline, with which the maximal response is observed soon after drug administration. This mode of action of tyramine was discussed by Hall (15) who suggested that this phenomenon was due to the liberation of noradrenaline from tissue storage sites. A low concentration of nicotine produced the same effect as tyramine with isolated atria. However, when a large concentration of nicotine was administered, a negative inotropic action of short duration appeared immediately, followed by a strong positive inotropic response. This positive inotropic response persisted even after the muscarine-like effect had been abolished by atropine (2 x 10' g/ml).
From this, it seems that the gradual increase in the effect of nicotine with time may be due to the liberation of noradrenaline from tissue stores, as in the case of tyramine.
When animals were pretreated with reserpine, the sensitivity of isolated atria to noradrenaline increased, as has been reported previously for many tissues (16, 17) . In addition, the muscarine-like effect of nicotine mentioned above, became greater after pretreatment with reserpine. It is of interest that the supersensitivity of the tissue fol lowing pretreatment with reserpine was also recognized in the negative inotropic action.
Crout et al. (18) examined the correlation between the potency of 1 x 10-5 g/ml of tyramine on the atrium and the CA content in this tissue 24 hours after pretreatment with various intraperitoneal dosages of reserpine. According to their report, the pre treatment with reserpine reduced or abolished the response to tyramine, showing this potency was parallel with the CA content in this tissue.
In our experiments, tyramine had an effect in about 50% of the atria isolated from guinea pigs and rabbits which had been treated 24 hours previously with 2.5 mg/kg of reserpine. We recognized previously (19) that the CA content in rabbit atria was regained 24 hours after the subcutaneous injection of 2.5 mg/kg of reserpine. Therefore, with atria isolated from animals 24 hours after the administration of 2.5 mg/kg of reserpine, the response to tyramine might be caused by liberation of CA.
When the dose of reserpine was increased to 5.0 mg/kg, the response to tyramine was abolished, while that to nicotine was still obtained. From this, it seems likely that the CA stores attacked by nicotine and tyramine are not quite the same. Furthermore, in an experiment with atria from animals injected with 2.5 mg/kg of reserpine, the posi tive inotropic action of tyramine was abolished in the presence of a high concentration of nicotine. This may indicate that the CA stores attacked by nicotine may be partially the same as those attacked by tyramine.
To study the difference in the actions of tyramine and nicotine with respect to the release of CA, the effects of various drugs which are known to influence the actions of nicotine were studied.
Lockett et al. (20) reported that the increase in the CA content of blood caused by tyramine was blocked by pretreatment with cocaine. However, Bhagat (21) observed that previous injection of cocaine had no effect on the decrease in the tissue CA content following tyramine injection. And, according to Hertting et al. (5), cocaine does not block the CA releasing action of tyramine. The CA releasing activity of DMPP (1,1-dimethyl-4-phenyl-piperazinium iodide), which is well known to have a nicotine-like action, was also blocked by pre-administra tion of cocaine (6) .
In our experiments, cocaine exerted an action on the increase in amplitude of the atrium, but partially blocked the response to tyramine and completely blocked the response to nicotine. Moreover, our result with tetracaine is in agreement with that of Lindmar and Muscholl (6) . From these results it seems likely that the mechanisms CA release by tyramine and nicotine may be different.
Muskus (22) showed that the CA content in the heart decreased greatly after injec tion of guanethidine and the potency of the action of tyramine upon the atrium was weakened. Nevertheless, in our experiments when guanethidine was added to the organ bath it had an effect but did not influence the action of tyramine. The discrepancy between our results and those of Muskus may be due to a difference in the way in which guanethidine was administered. However, he found that after guanethidine injec tion the CA content in the heart decreased to a quarter of the normal level. Thus much release of CA from the heart by guanethidine may be necessary to inhibit the action of tyramine.
The inhibitory effect of hexamethonium on the action of nicotine on the atrium is rather complicated, because there are no adrenergic ganglia in this tissue. The mecha nism of this effect is unknown and requires further study.
From our results on the positive inotropic activity of nicotine, its action could be considered to be at least biphasic. Thus nicotine may act on the same CA storage sites as tyramine, and in addition it may also act on other storage sites.
SUMMARY
Tyramine at a concentration of 4 x 10-6 to 1 x 10-5 g/ml and nicotine at a concentra tion of 2 x 10-6 to 2 x 10-5 g/ml had positive inotropic effects on excised atria from normal guinea pigs and rabbits. Tachyphylaxis was observed by the repeated application of nicotine but not of tyramine. After pretreatment with 2.5 mg/kg of reserpine tyramine only had positive ino and chronotropic actions in about 50% of guinea pig atria tested while the action of nicotine was unaffected. With atria from guinea pigs after reserpine treatment, the positive ino and chronotropic actions by tyramine were completely abo lished by a large dose of nicotine. The action of nicotine in normal atria was blocked by cocaine, tetracaine, procaine and hexamethonium, while the action of tyramine was inhibited by cocaine and tetracaine, but not by procaine and hexamethonium. These results suggest that nicotine acts on the storage sites of catecholamine which is affected by tyramine and possibly also on other storage sites of catecholamine.
